The etching of various xerogel films has been studied in high-density fluorocarbon plasmas. The xerogel etch rate is in part enhanced by the porosity. In discharges resulting in low surface polymerization, such as CF 4 or oxygen-rich fluorocarbon plasmas, an additional enhancement up to 60% is observed. When the polymerization of the discharge is increased, this additional enhancement disappears and the xerogel etch rate becomes more suppressed. The suppression is more pronounced for xerogel films with a higher porosity and a larger pore size. X-ray photoelectron spectroscopy analysis on partially etched samples shows that the suppression in etch rate is accompanied by an increasing amount of fluorocarbon material at the xerogel surface, especially in the pores of the xerogel structure. Finally, a 30% porous xerogel film was patterned using CHF 3 as an etching gas. Slight bowing of the sidewalls was observed.
I. INTRODUCTION
The current focus in interconnect technology is on the integration of copper with low dielectric constant ͑k͒ materials. In contrast to the conventional interconnect scheme based on aluminum and SiO 2 , the combination of copper and low-k dielectrics allows the device dimensions to shrink below 0.18 m without losing device performance to interconnect delays. Even though copper is certain to be the interconnect material, many low-k materials are introduced and tested for intra-and interlayer dielectric applications.
Etching of vias and trenches in low-k dielectrics is essential for the ͑dual͒ damascene approach. In this article we present a study on the etching of xerogels in high-density fluorocarbon plasmas. Xerogel is a spin-on glass with a tunable porosity. The dielectric constant of xerogel decreases linearly with porosity. 1 Hence, xerogel offers the advantage that the dielectric constant can be tailored over a wide range dependent on the spin-on and subsequent curing techniques. However, the porosity may also introduce problems, such as low mechanical strength and moisture absorption. 2 In this work we have studied three different xerogels for which all these problems have been minimized. Some of the properties are outlined in Table I . The xerogels with the relatively high porosity, 58% and 69%, were spin coated on 5 in. wafers and cured as described by Nitta et al. 3 These films are characterized by a relatively large pore size on the order of 10-15 nm. The film with the relatively low porosity of 30% is a porous methyl silsesquioxane ͑MSQ͒. It is an excellent candidate and is expected to enter the low-k market very soon. The deposition technique is at the moment still proprietary. This film has a relatively low pore size on the order of 2 nm. Even though it is technically incorrect, we will label this film as a xerogel for simplicity. In this work we will examine the effect of porosity and pore size on the etching behavior of these films. It is important to point out that the xerogel films contain a significant amount of methyl (CH 3 ) groups. The presence of these hydrophobic groups may have an important effect on the etching behavior of oxide-like dielectrics. 4 The chemical compositions of the xerogel films are SiO 2 ͑CH 3 ͒ 0.3 for the 60%-70% porous films and SiO 1.5 ͑CH 3 ͒ for the 30% porous film.
II. EXPERIMENTAL SETUP AND PROCEDURES
The reactor used for this work is a planar-coil transformer coupled plasma reactor and has been described in Ref. 5 . The etching of xerogel was studied in CF 4 , CHF 3 , C 4 F 8 , and C 4 F 8 /O 2 plasmas maintained at 10 mTorr, 50 sccm gas flow, and 1400 W source power ͑13.56 MHz͒. The self-bias voltage was varied down to Ϫ200 V by applying a rf bias power ͑13.56 MHz͒ to the substrate. Samples of approximately 2 cmϫ2 cm in size were positioned on the center of a 300 mm anodized aluminum electrode. Etch rates were obtained using single wavelength ellipsometry. Partially etched samples were transferred under ultrahigh vacuum conditions to a Vacuum Generators ESCA Mk ⌸ analysis chamber for x-ray photoelectron spectroscopy ͑XPS͒ analysis.
III. RESULTS

A. Patterning of xerogel
The 30% porous xerogel film was patterned with 0.6 m deep ultraviolet photoresist and 75 nm of organic antireflection coating ͑ARC͒. CHF 3 discharge maintained at 10 mTorr and 1400 W source power. The self-bias voltage was set at Ϫ125 V. During the first 15 s of the process 50% O 2 was admixed with the discharge to open the ARC layer. The etch was continued for 40 s after which the underlying Si 3 N 4 layer was reached. The gas flow during the total etch was fixed at 50 sccm. Figure 1 shows cross-sectional secondary electron micrographs of etched trenches ͑a͒ and vias ͑b͒ in the xerogel film. Even though the etch process is nonoptimized, it offers satisfactory profile control. The sidewalls are slightly bowed which has also been observed for hydrogen silsesquioxane ͑HSQ͒. 4, 6 This suggests that the bowing is related to the presence of hydrogen in the film. This effect and other issues associated with the patterning of xerogel films will be addressed in a separate publication.
B. Blanket etch rates
Blanket xerogel films were etched in CHF 3 and C 4 F 8 discharges maintained at 10 mTorr and 1400 W source power. The 30% porous xerogel etch rates ͑open symbols͒ are plotted as a function of self-bias voltage in Fig. 2 . The SiO 2 etch rates are indicated by the closed symbols for comparison. The minimum self-bias voltage for etching is around Ϫ50 V for CHF 3 and Ϫ45 V for C 4 F 8 . Below this value fluorocarbon deposition occurs. The 30% porous xerogel film etches faster than SiO 2 . However, the enhancement in etch rate of the 30% porous xerogel film is less in C 4 F 8 than in CHF 3 . The etch rates of the 58% and 69% porous xerogel films measured under identical conditions are shown in Fig. 3 . The etch rate of these films is relatively low compared to the 30% porous film considering the fact that the latter is denser. This effect will be highlighted below.
It is expected that a porous film etches faster than a nonporous film, since less material per unit thickness needs to be removed as the porosity increases. To account for this, one can define a normalized etch rate ER norm
where ER is the etch rate and ⌸ is the porosity of the xerogel film. The normalized xerogel etch rates are plotted versus self-bias voltage in Figs. 4 and 5 and were calculated from the rates shown in Figs. 2 and 3 , respectively. The upper panel in Fig. 4 shows that the normalized etch rate of the 30% porous film in CHF 3 is enhanced. This enhancement is reduced in C 4 F 8 and may be attributed to the incorporation of carbon and hydrogen in the xerogel matrix. In a recent study on the etching of methyl silsesquioxane ͑MSQ͒ and hydrogen silsesquioxane ͑HSQ͒ it was found that incorporation of carbon and hydrogen in these oxide-like materials enhances the etch rate relative to SiO 2 in low polymerizing discharges ͑for example CF 4 ͒, whereas the opposite was seen in more polymerizing discharges ͑for example, C 3 F 6 /H 2 ͒. 4 An important parameter in the etching of MSQ and HSQ is the thickness of the fluorocarbon film that forms on the dielectric surface during etching. Once the film thickness allows a significant portion of the ions to directly penetrate into the dielectric material, an enhancement in etch rate is observed. To investigate the role of the fluorocarbon film formation in the etching of xerogel we performed XPS on partially etched xerogel samples. These results will be discussed in Sec. III C.
In contrast to the 30% porous xerogel film, the normalized etch rates for the 58% and 69% porous films are lower than the SiO 2 etch rate. This could in part be ascribed to the lower carbon/silicon ratio of these xerogel films. Additionally, in Sec. III C it will be shown that more fluorocarbon material accumulates at the surface of the 58% and 69% porous films as a result of the relatively large pore size. It is interesting to note that the relative etch rate enhancement of the 69% porosity material with respect to the 58% porous xerogel film in both CHF 3 and C 4 F 8 is correctly predicted by Eq. ͑1͒, and the normalized etch rates are essentially the same in Fig. 5 .
C. XPS surface analysis
Xerogel films were partially etched at various conditions and transported under UHV conditions to a surface analysis chamber where XPS was performed. Panels ͑b͒, ͑c͒, and ͑d͒ in Fig. 6 compare the surface chemistry of xerogel ͑58% porosity͒ with SiO 2 after a partial etch in CF 4 , CHF 3 , and C 4 F 8 . For comparison, the C(1s) photoemission from an asreceived xerogel film is shown in Fig. 6͑a͒ . The C(1s) photoemission for the as-received film is centered around 284.7 eV and originates most likely from Si-CH 3 groups. A possible contribution from O-CH 3 groups would have appeared at binding energies well above 285 eV. Figure 6 points out that, especially for C 4 F 8 , there is a significant amount of fluorocarbon material present at the xerogel surface upon processing. It is important to point out that for CF 4 the C(1s) intensity scale has been expanded by a factor of 4. The measured C(1s) intensities scale with the deposition rate of fluorocarbon material that is observed for these fluorocarbon chemistries. The deposition rate on an unbiased substrate was measured using in situ ellipsometry. The deposition rate in C 4 F 8 ͑330 nm/min͒ is higher than in CHF 3 ͑250 nm/min͒ and CF 4 ͑5 nm/min͒. The polymerization of the feed gas has a strong influence on the etching behavior of the xerogel. The xerogel etch rate drops off with respect to the SiO 2 etch rate in more polymerizing discharges. This can be seen from the ratio of the normalized xerogel etch rate, Eq. ͑1͒, and the SiO 2 etch rate, indicated next to the panels in Fig. 6 . A similar behavior was observed for the etching of MSQ and HSQ. 4 The connection between fluorocarbon buildup at the xerogel surface and the suppression in etch rate was first made by Wang, Jin, and Park 7 for a CHF 3 etching chemistry. In this article we provide a deeper understanding on how the fluorocarbon accumulation at the surface and the xerogel etch rate vary with processing conditions and the physical structure of the xerogel film.
Angle resolved XPS was performed to obtain more insight into the surface topography of partially etched xerogel films ͑58% porosity͒. Figure 7 shows the integrated C(1s), Si(2p), and O(1s) photoemission intensities after blanket etching in C 4 F 8 as a function of self-bias voltage. The photoemission intensities were acquired at normal incidence ͑90°͒ and grazing incidence ͑22°͒. The dashed lines labeled ''as-received'' show the integrated intensities for the asreceived xerogel films. The dashed line labeled ''CFx ͑1/ 2ϱ͒'' indicates the integrated C(1s) intensity for a ͑Ͼ50 nm͒ thick fluorocarbon film deposited without applying a rf bias to the substrate. The C(1s) intensities in the first panel suggest a significant amount of fluorocarbon material on the surface. The trend in the Si(2p) and O(1s) intensities, however, suggests that a rather low amount of fluorocarbon material is present on the surface at Ϫ200 V self-bias voltage. To explain these data consistently one has to account for the physical structure of xerogel, shown schematically in Fig.  8͑a͒ . The high C(1s) intensities suggest that the fluorocarbon material is being deposited inside the pores which is consistent with surface studies performed by Wang, Jin, and Park. 7 The relatively large pore size, 10-15 nm, 3 and the high porosity may even allow deposition inside pores located in the subsurface area. In situ ellipsometry did not indicate a significant change in the bulk properties of the xerogel, and it can be concluded that the deposition of fluorocarbon material is limited to the first 10-20 nm of the xerogel. Based on the angle resolved XPS data we suggest a surface modification as shown in Fig. 8͑b͒ . It is important to note that the exact topographic details cannot be deduced from Fig. 7 . Nevertheless, the invariance of the C(1s) signal with angle of incidence and self-bias voltage is consistent with a picture where fluorocarbon material stretches to a depth on the order of 4-10 nm. The probing depth ͑in this case defined parallel to the detection angle͒ is smaller than the pore dimension. It is expected that the C(1s) intensity is independent of the detection angle when the pores are fully filled with fluorocarbon material. The Si(2p) and O(1s) intensities originate only from the protruding xerogel features. The merging of the Si(2p) and O(1s) intensities at a high self-bias voltage can be explained by tapering of the protruding xerogel features which are in turn covered by a thinner fluorocarbon film ͓see Fig. 8͑c͔͒ .
The 30% porous xerogel has a much smaller pore size, ϳ2 nm. The corresponding angle resolved XPS data are shown in Fig. 9 for CHF 3 . Comparison with Fig. 7 suggests a different surface topography for the 30% porous film than for the 58% porous film. As a result of the relatively low values in porosity and pore size, it can be expected that fluorocarbon deposition only occurs in the pores at the very sur- FIG. 6 . C(1s) photoemission spectra obtained at normal incidence for xerogel and SiO 2 films: ͑a͒ xerogel as received; ͑b͒ xerogel and SiO 2 partially etched in CF 4 ; ͑c͒ xerogel and SiO 2 partially etched in CHF 3 ; ͑d͒ xerogel and SiO 2 partially etched in C 4 F 8 . The ratio between the normalized xerogel etch rate ͓Eq. ͑1͔͒ and the SiO 2 etch rate is indicated. Source power, pressure, and self-bias voltage were fixed at 1400 W, 10 mTorr, and Ϫ125 V, respectively. It is important to point out that for CF 4 the vertical scale has been expanded.
FIG. 7. Angle resolved XPS photoemission intensities from partially etched
xerogel ͑58%͒ as a function of self-bias voltage. The etching gas was C 4 F 8 . Source power and pressure were fixed at 1400 W and 10 mTorr, respectively. ͑The dashed lines labeled As received show the integrated intensities for an as received xerogel film. The dashed line labeled CFx ͑1/2 ϱ͒ indicates the integrated C(1s) intensity for a ͑Ͼ50 nm͒ thick fluorocarbon film deposited without applying a rf bias to the substrate.͒ face. The fluorocarbon film formation at the surface will be suppressed more at higher ion energies in this weakly polymerizing gas chemistry. Based on the preceding and the data shown in Fig. 9 we suggest a surface modification as outlined in Fig. 10 . The crossover of the 22°and the 90°inten-sities for Si(2p) and O(1s) can be understood when the xerogel surface exhibits more protruding features at higher ion energies as sketched in Fig. 10͑c͒ .
It can be concluded that the surface topography of xerogel films is significantly different from SiO 2 during the fluorocarbon etch. There is more fluorocarbon accumulation at the xerogel surface and angle resolved XPS suggests that the fluorocarbon deposition occurs to a large extent inside the pores at the surface of the xerogel film. Figure 6 indicates that the etch rate enhancement predicted by Eq. ͑1͒ is too high once the pores at the surface of the xerogel film start to fill up with fluorocarbon material. On the other hand, for nonpolymerizing chemistries, such as CF 4 , the etch rate enhancement is underestimated by Eq. ͑1͒. This is analogous to the etching of HSQ and MSQ, where either an enhancement or suppression of the etch rate is observed dependent on the fluorocarbon surface film thickness, which in turn is dependent on the etching chemistry. 4 The 58% and 69% porous xerogel films have a large pore size ͑10-15 nm͒. Figures 4  and 5 show that the normalized etch rates for these films are lower than the normalized etch rate of the 30% porous film which has a smaller pore size ͑ϳ2 nm͒. This may be attributed to the difference of carbon to silicon ratio of the xerogel films ͑see Table I͒ . Additionally, XPS surface analysis shows more fluorocarbon material at the surface of the 58% and 69% porous films than the 30% films. A larger pore size and a higher porosity may allow for more fluorocarbon accumulation at the surface for selective etch conditions, such as C 4 F 8 . In this case, it may be expected that the xerogel etch rate drops in comparison to a denser film with a smaller pore size. Hence, the xerogel structure, pore size, and the polymerization of the feed gas are important parameters in the etching process. Finally, the loss in etch rate enhancement due to polymer buildup may have important implications on the patterning of multilayer dielectric stacks using selective etch conditions. 
D. Effect of oxygen addition
To optimize certain dielectric etch processes, oxygen may be added to the fluorocarbon feed gas chemistry. Oxygen may also be released from quartz material in contact with an inductively coupled discharge. This effect is especially important for planar coil designs that have a relatively low open area and suffer from a significant amount of capacitive coupling to the discharge. In this case, the oxygen flow released at the quartz coupling window can be on the order of 10 sccm. 8 The reactor that is used for this work is equipped with a coil that allows for highly inductively coupled discharges. For example, the amount of oxygen in a fluorocarbon film deposited on an unbiased substrate was on the order of 1% as traced by XPS.
To study the effect of oxygen, xerogel and SiO 2 etch rates were measured in C 4 F 8 /O 2 plasmas maintained at a constant total gas flow of 50 sccm, 10 mTorr, and 1400 W source power. The self-bias voltage was fixed at Ϫ125 V. The effect of O 2 addition on the etch rate is shown in Fig. 11 . The etch rate of 58% and 69% porous xerogel films are indicated by the open and closed circles, respectively. The SiO 2 etch rates are indicated by the crossed circles. The normalized etch rates according to Eq. ͑1͒ are indicated by the triangles. The xerogel etch rates increase by almost a factor of 4 when the O 2 flow is increased to 30 sccm, whereas the SiO 2 etch rate decreases monotonically. The decrease in the xerogel etch rate at O 2 flows above 30 sccm corresponds to a fluorocarbon depleted etching regime. Figure 12 shows the C(1s) photoemission spectra obtained at normal incidence for partially etched xerogel ͑58%͒ samples. The amount of fluorocarbon material at the surface is significantly reduced when O 2 is admixed. At a flow ratio of 30/20 O 2 /C 4 F 8 , the C(1s) level is approximately three times lower than the level detected for an as received xerogel film. In this case, the fluorocarbon deposition is completely suppressed and oxygen can remove the exposed methyl groups. Furthermore, this condition where the fluorocarbon deposition in the pores has stopped corresponds exactly with the maximum in the xerogel etch rate. The ratio between the normalized etch rate of xerogel ͑58%͒ and the SiO 2 etch rate is in this case 1.6. This value is very close to the etch rate ratio of 1.4 found for a CF 4 discharge ͑Fig. 6͒ in which the fluorocarbon deposition in the pores is also highly suppressed.
The removal of methyl groups from porous silica films in a pure O 2 plasma has also been observed by Park et al. 9 Their study showed that an extensive exposure of 15 min can lead to a reduction in porosity by as much as 10% and an increase of 0.2-0.3 in the dielectric constant. In a pure O 2 plasma we measured an etch rate of 50-100 nm/min for 58% and 69% porous xerogel films, but in situ ellipsometry did not show a significant change in the optical properties of the xerogel films. The xerogel films for this study were deposited using a different method than was used for the films studied by Park et al. In addition, we have used plasma exposures on the order of only a few minutes. This may explain why we did not observe a significant change in the bulk xerogel during processing.
An additional study in a different inductively coupled plasma reactor showed that the effect of capacitive coupling can have a similar effect as the O 2 addition in Fig. 11 . 2 Operating at similar conditions for CHF 3 but with significantly more capacitive coupling, it was found that the normalized etch rates of 58% and 69% xerogel films are higher than the SiO 2 etch rates as opposed to the results shown in Fig. 4 . Hence, it may be concluded that capacitive coupling in inductively coupled discharges can have an important effect on the xerogel etch rate.
IV. CONCLUSIONS
It can be concluded that the xerogel etch rate is in part enhanced by the porosity as is expressed in Eq. ͑1͒. In discharges characterized by little polymerization, such as CF 4 or oxygen-rich fluorocarbon plasmas, an additional enhancement is observed up to a factor of 1.6. The fluorocarbon film formation at the surface is relatively low in these discharges. When the polymerization of the discharge is increased, XPS showed that fluorocarbon material is deposited inside the pores at the xerogel surface. At this point, the xerogel etching is suppressed and the xerogel ettch rate after porosity correction ͓Eq. ͑1͔͒ falls below the SiO 2 etch rate. The suppression is more pronounced for the xerogel films with a higher porosity and a larger pore size. The difference in sur- face topography for these films has been suggested in Figs. 8  and 10 . Patterning of 30% porous xerogel in CHF 3 suffered from slight sidewall bowing, which will be addressed in a separate publication.
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